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Abstract 


Trimesic  acid  and  phenyl  ether  were  in-situ  polymerized  as  A3  and  B2  monomers,  respeetively,  in 
the  presence  of  a  fixed  amount  (10  wt%)  of  multi- walled  earbon  nanotube  (MWNT)  to  afford 
hyperbranehed  poly(etherketone)s  (PEK’s)/MWNT  nanoeomposites.  The  feed  ratios  of  A3  and 
B2  monomers  vary  from  3:2  to  1:2  in  the  A3  +  B2  polyeondensations.  The  polymerization  was 
earried  out  in  a  mildly  aeidie  medium,  i.e.,  poly(phosphorie  aeid)  or  PPA,  with  an  optimized 
amount  of  phosphorus  pentoxide  (P2O5)  added.  The  overall  evidenee  based  on  the  data  of 
elemental  analysis  (EA),  thermogravimetrie  analysis  (TGA),  Eourier- transform  infrared  (FT-IR) 
speetroseopy  as  well  as  seanning  eleetron  mieroseopy  (SEM)  implieates  that  hyperbranehed 
PEK’s  were  attaehed  to  the  surfaee  of  MWNT  to  form  hyperbranehed  PEK-g-MWNT 
nanoeomposites.  Furthermore,  MWNT  remained  strueturally  intact  under  the  polymerization  and 
work-up  eonditions.  Evidently  driven  by  the  moleeular  arehiteeture  of  globular  hyperbranehed 
polymers,  the  morphology  of  the  nanoeomposites  resembles  “mushroom-like  elusters  on  MWNT 
stalks.”  The  hyperbranehed  PEK-g-MWNT  nanoeomposites  were  soluble  in  polar  aprotie 
solvents  stemming  from  numerous  earboxylic  aeids  on  their  surfaces.  When  some  of  samples 
were  dispersed  in  1  molar  EiOH  aqueous  solutions,  they  formed  very  stable  suspensions.  The 
resulting  lithiated  nanoeomposites  are  being  investigated  in  the  applieations  sueh  as  ion 
eonduetivity  and  energy  eapaeitanee. 
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Introduction 


Carbon  nanotubes  (CNTs)  such  as  single-walled  carbon  nanotubes  (SWNTs),  few-walled 
carbon  nano  tubes  (FWNTs)  and  multi-walled  carbon  nano  tubes  (MWNTs)  have  generated  great 
excitement  in  materials  research  because  of  the  technological  opportunities  that  their  thermal, 
electrical,  mechanical,  and  optical  properties  could  offer.  For  example,  they  are  being  actively 
investigated  for  uses  as  reinforcing  components  to  deliver  outstanding  properties  to  the  polymeric 
matrices.  The  resulting  nanocomposites  would  provide  various  potential  applications,  where 
affordable,  light-weight,  multifunctional  materials  are  needed.  In  this  view,  MWNTs  are  more 
attractive  from  the  standpoint  of  affordability  when  compared  to  SWNTs.  Although  their  aspect 
ratios  are  lower  than  those  of  SWNTs,  MWNTs  are  available  in  larger  quantities,  with  higher 
purity  (>97%  carbon  contents),  and  at  reasonable  prices.  In  general,  MWNTs  have  diameters  in 
the  range  of  10-20  nm  and  lengths  on  the  order  of  10-50  microns.  ’  Their  aspect  ratios  are  still 
greater  than  500,  which  are  high  enough  to  be  used  as  reinforcement  additives.  However,  there 
are  two  fundamental  issues  to  be  resolved  in  order  to  obtain  maximal,  enhanced  properties  using 
CNTs  as  nanoscale  additives.  One  is  to  achieve  the  effective  aspect  ratio,  which  is  largely 
depending  upon  the  state  of  dispersion.  The  other  one  is  to  improve  the  interfacial  adhesion 
between  CNT  surfaces  and  the  matrix  polymer."^  Thus,  many  efforts  have  been  made  to  attain 
homogeneous  dispersion  of  CNTs  in  various  matrix  materials  via  physical  methods  aided  by 
sonication,^  chemical  methods  using  strong  acids,^  or  combination  of  both.^  However,  structural 
damages  to  CNTs,  which  were  resulted  from  the  treatment  conditions  such  as  power  levels, 
exposure  times,  and  temperatures,  had  occurred  in  many  cases. ^  Even  after  homogeneous  CNT 
dispersion  has  been  achieved,  the  immediate  issue  is  realizing  strong  interfacial  adhesion 
between  CNT  and  matrix.  Thus,  covalent  bonding  and/or  strong  non-covalent  interactions 
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between  CNT  and  matrix  are  neeessary  to  strengthen  the  CNT’s  reinforeement  effect.  Suitable, 
chemical  groups  covalently  attached  to  the  surfaces  of  CNTs  can  hinder  close  lateral  interactions 
among  the  nanotubes,  and  also  provide  better  chemical  affinity  to  the  matrix.  The  functionalized 
CNTs  were  dispersed  in  the  matrices  with  higher  degrees  of  exfoliation  than  the  pristine  ones.^ 
Recently,  we  have  developed  an  effective  Friedel-Crafts  acylation  reaction  in  optimized 
PPA/P2O5  medium,  and  extended  its  application  to  chemical  modifications  of  carbon 
nanomaterials  such  as  carbon  nano  fibers  (CNF)  and  MWNTs  with  organic  moieties  and  linear 
polyetherketones  (PEKs).^*  The  reaction  medium  is  moderately  acidic  but  non-destructive  to 
promote  homogeneous  dispersion  of  CNF  and  MWNTs,  and  of  relatively  high  viscosity  to 
impede  reaggregation  of  dispersed  CNF  and  MWNTs.  As  a  result,  a  uniform  grafting  onto  CNF 
and  MWNT  has  been  shown  to  be  achievable.  We  have  also  successfully  grafted 
hyperbranched  PEKs  onto  the  surface  of  CNF  using  an  AB2  monomer  via  the  same 
methodology.  Besides  our  work,  to  our  knowledge,  there  are  only  very  few  examples  in  the 
literature  that  described  CNT  or  CNF  covalently  modified  with  dendritic  polymers:  (i) 
hyperbranched  vinyl  polymers  grafted  from  MWNTs  via  atom  transfer  radical  polymerization 
(ATRP);  (ii)  hyperbranched  poly(amidoamine)-modified  MWNT  via  a  “grafting-from” 
approach;  (iii)  SWNTs  grafted  with  poly(amidoamine)  dendrimers  using  a  divergent 
methodology.^^ 

In  this  paper,  we  report  that  the  reaction  conditions  that  were  developed  and  optimized  for 
CNF  modification,  are  further  applied  to  grafting  hyperbranched  PEKs  onto  the  surface  of 
MWNTs.  In  addition,  as  complementary  to  our  previous  work  that  entailed  in-situ  grafting  a 
hyperbranched  ether-ketone  polymer  to  VGCNF  using  a  suitable  AB2  monomer,'^  this  work 
pertains  to  the  grafting  of  a  similar  hyperbranched  PEK  to  the  surface  of  MWNTs  using  a  newly 
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discovered  self-eontrolled  polycondensation  methodology  direetly  from  commereially  available 
A3  and  B2  monomers  without  the  problem  of  gelation.'^ 

Experimental 

Materials.  All  reagents  and  solvents  were  purehased  from  Aldrieh  Chemical  Inc.  and  used  as 
reeeived,  unless  otherwise  mentioned.  The  monomers,  1,3,5-benzenetriearboxylie  acid  (trimesic 
acid,  mp  >350  °C)  was  purified  by  reerystallization  from  water  and  phenyl  ether  was  purified  by 
fraetional  distillation  under  reduced  pressure.  Multi-walled  carbon  nanotube  (MWNT,  CVD 
MWNT  95  with  diameter  of  10-20  nm  and  length  of  10-50  pm)  was  obtained  from  Iljin  Nanoteeh 
Co.,  LTD,  Seoul,  Korea.'^ 

Instrumentation.  Infrared  (IR)  speetra  were  reeorded  on  Jasco  FT-IR  480  Plus 
speetropho  tome  ter.  Solid  samples  were  imbedded  in  KBr  disks.  Elemental  analyses  were 
performed  by  system  support  at  CBNU  with  a  CE  Instruments  EAIIIO.  Differential  scanning 
calorimetry  (DSC)  was  performed  under  the  nitrogen  atmosphere  with  heating  and  cooling  rates 
of  10  °C/min  using  a  TA  instrument  model  MDSC2910  equipped  with  differential  scanning 
calorimetry  eell.  The  thermograms  were  obtained  on  powder  samples  after  they  had  been  heated 
to  300  °C  and  air-eooled  to  ambient  temperature.  Glass  transition  temperatures  (Tg’s)  were 
generally  taken  as  the  mid-point  of  the  baseline  shift.  Thermogravimetric  analysis  (TGA)  was 
conducted  in  nitrogen  and  air  atmospheres  with  a  heating  rate  of  10  °C/min  using  a  TA 
instrument  SDT  2960  thermogravimetrie  analyzer.  The  field  emission  scanning  electron 
microscopy  (EESEM)  used  in  this  work  was  EEO  1530EE. 

Representative  procedure  for  in-situ  grafting  of  hyperbranched  PEK’s  from  A3  and  B2 
monomers  (2:3  molar  ratio)  with  approximately  10  wt%  MWNT  load:  Into  a  250  mL  resin 


5 


flask  equipped  with  a  high  torque  meehanical  stirrer  and  nitrogen  inlet  and  outlet,  trimesic  acid 
(2.10  g,  10  mmol)  and  phenyl  ether  (2.55  g,  15  mmol),  MWNT  (0.465  g),  phosphorous  pentoxide 
(P2O5,  15.0  g),  and  polyphosphoric  acid  (PPA,  60  g)  were  charged.  The  mixture  was  stirred  at 
100  °C  for  12h  and  heated  to  130  °C.  The  mixture  became  homogeneous  and  stuck  to  the 
stirring  rod  allowing  no  further  efficient  stirring  at  that  temperature  after  6h.  After  the  “cool 
down”  period,  water  was  added  into  the  mixture  and  heated  at  60-70  °C  overnight  under  the 
nitrogen.  The  dark  brown  chunk  was  collected  by  suction  filtration,  washed  with  5% 
hydrochloric  acid,  and  large  amount  of  water.  The  product  was  further  Soxhlet  extracted  with 
water  for  2  days  for  the  complete  removal  of  PPA,  methanol  for  2  days  for  the  removal  of  low 
molecular  weight  portions,  and  finally  dried  under  reduced  pressure  (0.05  mmHg)  at  100°C  for 
150h  to  give  3.46  g  (73%  yield)  of  dark  brown  solid;  Anal.  Calcd.  for  C27H16O6  C,  76.36%;  H, 
3.69%.  Found:  C,  79.14%;  H,  3.26%. 

Results  and  Discussion 

Grafting  of  hyperbranched  PEK’s  onto  MWNT  from  A3  and  B2  monomers.  One  major 
concern  on  the  synthesis  of  hyperbranched  polymers  via  A3  +  B2  approach  is  the  formation  of 
crosslinked  network.  To  avoid  gelation  as  predicted  in  Carother’s  and  Flory’s  statistical 
mechanics  equations,  various  attempts  including  dropwise  addition  of  a  diluted  monomer 
solution'^  and  A2  +  BB’2  approach'^  have  been  made  to  avoid  gelation.  We  also  developed  a 
facile  synthesis  of  hyperbranched  PEK’s  via  A3  +  B2  approach.'^  Due  to  the  vast  difference  in 
the  solubility  of  two  monomers  in  the  reaction  medium,  i.e.  PPA,  the  gelation  was  prevented  by  a 
self-regulating  manner.  For  example,  the  hydrophilic  trimesic  acid  as  an  A3  monomer  was 
soluble  in  the  hydrophilic  reaction  medium,  while  the  hydrophobic  phenyl  ether  (B2  monomer) 
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was  only  marginally  soluble.  The  gelation  was  avoided  for  two  reasons.  One  is  automatie  and 
slow  feeding  of  the  arylether  monomer  into  the  polymerization  proeess  due  to  its  poor  solubility. 
The  other  reason  would  be  owing  to  the  high  viseosity  of  PPA/P2O5  medium  eontaining  trimesie 
aeid  (A3  monomer),  whieh  effectively  preclude  hydrophilic  growing  molecules  from  having 
intimate  contact  with  the  B2  co-monomer  (phenyl  ether).  Thus,  hyperbranched  polymers  instead 
of  crosslinked  networks  could  be  synthesized  by  such  self-regulating  process. 

In  this  manner,  a  series  of  hyperbranched  ether-ketone  polymers  (la-f)  with  different 
monomer  (A3:B2)  feed  ratios  was  synthesized  in  the  presence  of  MWNT  in  PPA/P2O5  medium  at 
130  °C  to  afford  hyperbranched  PEK-g-MWNT  nanocomposites  (Scheme  1). 

[Scheme  1] 

All  the  polycondensations  of  trimesie  acid  and  phenyl  ether  monomers  were  conducted  at 
130°C  in  commercially  available  PPA  (83%  assay)  with  the  additional  25  wt%  of  P2O5,  and  at 
approximately  5  wt%  monomer  concentrations  according  to  the  previously  described 
procedure.  The  reaction  flask  appeared  initially  dark  black  due  to  the  heterogeneous  dispersion 
of  MWNT  in  the  reaction  mixture  at  130  °C  in  2h.  After  that,  the  mixture  became  shinny  black 
when  MWNT  was  homogeneously  dispersed.  It  appeared  brownish-green  when  placed  under  a 
flash  light,  and  the  color  change  was  probably  due  to  the  grafting  of  hyperbranched  PEK’s  onto 
MWNT.  In  all  cases,  the  mixture  was  homogeneous  with  drastic  increase  in  the  bulk  viscosity  at 
the  end  of  the  polymerization  period.  In  fact,  after  only  6  h,  the  mixture  was  so  viscous  that  an 
efficient  stirring  was  practically  impossible  at  130  °C.  After  polymerization  had  been  completed 
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as  judged  visually  by  the  bulk  viseosity,  distilled  water  was  added  into  the  polymerization 
mixture.  The  dark  brown  ehunk  of  product  was  collected,  washed  with  5%  hydrochloric  acid, 
and  large  amount  of  water.  The  product  was  subsequently  Soxhlet-extracted  with  water  for  2 
days  to  ensure  the  complete  removal  of  residual  PPA,  and  further  extracted  with  methanol  for  2 
more  days  to  remove  any  residual,  unreacted  monomers,  and  low  molecular-weight 
homopolymer.  Finally,  it  was  dried  under  reduced  pressure  (0.05  mmHg)  at  100  °C  for  150  h  to 
give  48-85%  yield  of  a  dark  brown  powder.  We  noted  that  the  polymerization  mixture  of  If  that 
was  stuck  to  the  stirring  rod  throughout  the  entire  polymerization  period,  appeared  to  be  the  most 
viscous  among  the  series,  and  also  resulted  in  the  highest  isolation  yield.  In  addition,  we  attribute 
the  removal  of  low  molecular  weight  homopolymer  portion  by  Soxhlet-extraction,  the 
experimental  carbon  contents  determined  by  elemental  analysis  are  higher  than  the  theoretical 
values,  which  were  calculated  based  on  100%  yield,  while  the  hydrogen  contents  are  slightly 
lower  than  the  theoretical  values  (Table  1). 


[Table  1] 


FT-IR  Study.  The  FT-IR  spectrum  of  as-received  MWNTs  exhibits  weak  sp^C-H  and  sp^C- 

90 

H  stretching  bands,  which  were  attributed  to  the  defects  at  sidewalls  and  open  ends  of  MWNTs. 
These  defects  would  provide  sites  for  the  electrophilic  substitution  reaction.  In  our  previous 
work,  FT-IR  had  been  used  to  characterize  the  keto-carbonyl  group  covalently  attached  to  the 
MWNT  and  vapor-grown  carbon  nano  fiber  (VGCNF)  in  PPA.^*  Therefore,  this  technique  was 
used  to  verify  the  keto-carbonyl  band  at  1659  cm’'  associated  with  the  Friedel-Crafts  product  and 
confirm  the  covalent  attachment  of  hyperbranched  PEK’s  to  MWNT  (Figure  1).  There  was  also 
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a  strong  carboxylic-carbonyl  band  at  1720  cm'\  stemming  from  the  large  numbers  of  earboxylie 
aeids  at  the  ends  of  hyperbranehed  PEK’s.  Soxhlet  extraction  of  MWNT-g-hyperbranched 
PEK’s  with  hot  methanol,  which  is  a  fairly  good  solvent  for  the  earboxylie  acid-terminated 
hyperbranehed  PEK  homopolymers,  was  earned  out  to  extract  the  unattaehed,  low  molar  mass 
homopolymer.  Based  on  the  ET-IR  results  of  Soxhlet-treated  nanoeomposites  and  our  previous 
model  compound  study,  we  are  eertain  that  hyperbranehed  polymers  have  been  sueeessfully 
attached  onto  MWNT  eovalently.  However,  because  of  experimental  difficulty,  the  degree  of 
branehing  (linear  defect)  was  not  determined. 

[Figure  1] 

Solution  Properties.  The  solubility  of  the  nanocomposites  varied  aeeording  to  the  monomer 
feed  ratios  due  to  the  polarity  of  the  surfaee  groups  and  the  PEK’s  moleeular  weights.  Eor 
example,  as  B2  arylether  monomer  feed  value  was  deereased  from  1.5  to  0.67  (see  Table  1),  the 
average  degree  of  polymerization  would  deerease  and  the  number  of  earboxylie  acids  would 
increase  aceordingly.  Thus,  the  nanoeomposites  beeame  more  hydrophilie  with  less  B2  monomer 
feed.  The  solubility  of  nanoeomposites  in  polar  aprotie  solvents  sueh  as  A(A^-dimethylformamide 
(DME),  A(A^-dimethylaeetamide  (DMAe),  dimethyl  sulfoxide  (DMSO),  and  A-methyl-2- 
pyrrolidinone  (NMP)  was  higher  than  1  wt%  (10  g/Kg)  and  there  were  almost  no  insoluble  gels 
observed.  Eurthermore,  substantial  portions  of  nanoeomposites,  presumably  samples  with  low 
moleeular  weight  grafts,  were  soluble  even  in  aeetone. 

Thermal  Properties,  The  DSC  samples  (powder  form)  were  subjected  to  two  eyeles  of 
heating  from  room  temperature  to  380  °C  and  then  cooling  to  room  temperature  with  the  same 


9 


heating  and  cooling  rate  of  10  °C/min  (Figure  2).  Due  to  the  hygroscopic  nature  of  the 
nanocomposite  samples,  which  containing  large  number  of  carboxylic  acid  termini,  broad 
endothermic  peaks  were  detected  in  the  range  of  90-103  °C  resulting  from  the  evaporation  of 
residual  water  (Figure  2a).  For  all  nanocomposite  samples,  we  also  observed  the  thermal 
relaxation  of  viscosity-and-shear  induced  strain,  a  thermal  phenomenon  driven  by  the  high- 
viscosity  nature  of  the  reaction  medium,  PPA/P2O5  that  was  previously  reported  by  us.  The 
exotherms  of  as-isolated  (i.e.  before  heat  treatment)  samples  were  attributed  to  the  kinetically 
stored,  strain  energy  (~6-25  J/g)  induced  by  the  shear  field  (generated  by  mechanically  stirring 
and  spreading  the  polymerization  mixture  against  the  walls  of  the  reaction  vessel)  during 
polymerization  reaction  at  130  °C.  During  the  cooling  down  period  after  the  polymerization,  the 
viscosity  of  poly(phosphoric  acid)  must  have  increased  much  faster  than  the  relaxation  process  of 
the  strained  polymer  structures,  leading  to  the  storage  of  such  strain  energy  upon  aqueous  work¬ 
up  of  the  polymerization  mixture.  When  the  as-isolated  samples  were  heated  to  the  temperatures 
close  to  Tg,  the  “frozen”  polymer  chains  started  to  move,  releasing  the  strain  energy. 
Interestingly,  exothermic  peak  for  sample  Ic  is  the  narrowest  and  has  the  highest  AHexo  value, 
indicating  that  the  molecular  motion  is  the  most  constrained  (Figure  2a).  The  glass-transition 
temperature  (Tg)  value  was  taken  as  the  mid-point  of  the  maximum  baseline  shift  from  each  run. 
The  Tg’s  of  the  nanocomposites  are  in  the  range  of  276  and  325  °C  (Figure  2b  &  Table  2).  For 
the  samples  Ic,  it  was  approximately  63  °C  higher  than  the  pure  hyperbranched  PEK,  which  was 
prepared  using  the  same  monomer  stoichiometry,  and  whose  Tg  was  262  This  relatively 

large  increase  in  Tg  is  probably  due  to  the  restriction  of  the  molecular  motion  after  the  polymer 
chains  have  been  attached  to  MWNT,  and  perhaps,  enhanced  intermolecular  hydrogen  bonding 
among  the  carboxylic  groups. 
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[Figure  2] 


The  thermogravimetric  analysis  (TGA)  experiments  on  the  powder  samples  from  la  to  If 
displayed  that  the  temperatures  at  which  a  10%  weight  loss  (Tdio%)  in  air  occurred  at  485,  483, 
498,  483,  492,  and  477  °C  in  that  order  (Figure  3a),  and  in  nitrogen  at  530,  501,  552,  551,  543, 
and  550  °C  in  that  order  (Figure  3b).  The  weight  losses  of  all  samples  occurred  around  300  °C 
for  both  in  air  and  nitrogen  are  ascribed  to  the  early  degradation  of  carboxylic  acids 
(decarboxylation).  Due  to  large  amounts  of  chain-end  carboxylic  acids  associated  with  the 
hyperbranched  PEK,  all  the  nanocomposites  lost  about  5  wt%  around  350  °C  in  both  air  and 
nitrogen.  The  functionalized  VGCNF  exhibited  two-stage  degradation  in  air,  which  was  used  to 
calculate  the  VGCNF  contents.'^  However,  some  hyperbranched  PEK-g-MWNT 
nanocomposites  did  not  show  a  clear-cut,  two-stage  degradation,  and  some  only  displayed  one- 
stage  degradation  in  air,  which  made  it  difficult  to  determine  the  MWNT  contents  (Eigure  3  a). 

[Figure  3] 

Scanning  Electron  Microscopy  (SEM),  The  SEM  image  of  pristine  MWNT  shows  that  the 
tube  surfaces  are  seamless  and  smooth  (Eigure  4a).  Earge  amount  of  hyperbranched  polymer 
attached  to  MWNT  can  be  observed  from  the  images  of  la-lf  (Eigure  5c-5h).  Molecular 
architecture  of  3 -dimensional  dendritic  macromolecules  such  as  dendrimers  and  hyperbranched 
polymers  are  known  to  be  globular  (Eigure  4b).  Thus,  the  images  look  like  "'mushroom-like 
clusters  on  MWNT  stalks.  ”  As  the  B2  monomer  feed  ratio  decreased,  the  surface  nature  of 
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nanocomposites  would  become  more  polar  to  form  smooth  surface  due  to  the  possibility  of 
stronger  intramolecular  hydrogen  bonding  (from  Figure  4c  to  4f).  Interestingly,  the  sample  4d 
has  the  thickest  average  diameter  among  the  nanocomposites.  This  may  be  due  to  the  strongest 
lateral  interaction  along  the  tube  direction,  and  thus  some  tubes  aggregate  to  form  bundles,  each 
comprising  several  tubes.  Coincidently,  the  average  diameter  of  the  sample  4d  is  approximately 
70  nm,  which  is  three  time  thicker  than  that  of  unmodified  MWNT  (diameter  of  approximately 
10-20  nm).  Similar  results  have  been  obtained  for  the  functionalized  MWNT’s  with  various 
surface  functionalities.  In  this  study,  MWNTs  containing  polar  surface  groups  such  as  amino-, 
hydroxyl-,  and  fluorine  groups  displayed  similar  an  assembling  tendency  to  form  tetragonal  or 
hexagonal  packing  depending  upon  the  strength  of  surface  polarity,  while  MWNTs 
functionalized  with  less  polar  groups  such  as  methoxy-,  ethoxy-,  bromine,  chlorine  groups 
appeared  to  be  mostly  individual  tubes.  Thus,  hyperbranched  PEK-g-MWNTs  could  possibly 
form  hexagonal  packing  as  expected  due  to  the  high  polarity  on  their  surfaces.  Particularly,  the 
hyperbranched  polymer,  which  has  more  polar  carboxylic  acids  as  termini,  is  more  likely  to 
display  such  a  lateral  assembly. 


[Figure  4] 

Due  to  numerous  surface  carboxylic  acid  groups  that  are  able  to  ionize  in  basic  environment, 
MWNT-g-hyperbranched  PEK  lb  was  readily  dispersed  in  EiOH  solution  (IM)  in  water  forming 
stable  suspension  (Eigure  5  a).  It  was  still  homogeneous  after  a  month  of  standing  under  room 
conditions.  A  portion  of  suspension  was  taken  out  and  allowed  to  slowly  evaporate  off  the  water. 
The  resulting  specimen  was  examined  by  SEM.  In  comparing  the  SEM  image  to  that  of  lb 
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(Figure  4d),  one  can  see  that  the  lithiated  hyperbranched  PEK-g-MWNT  lb  shows  heavy 
amounts  of  lithium  ions  uniformly  decorated  on  the  surface  of  the  nanocomposite  (Figure  5b). 
Similar  morphology  was  obtained  from  lithiated  le  (Figure  5c).  For  example,  the  diameter  of 
MWNT  still  maintained  approximately  40  nm  and  the  tube  surfaces  of  the  lithiated  le  were  as 
rough  as  before  the  lithiation  as  shown  in  Figure  4g.  However,  lithiated  sample  If  has  much 
thicker  diameter  of  approximately  100  nm  and  the  surfaces  are  relatively  uniform  (Figure  5d).  A 
study  on  their  electrochemical  properties  is  currently  underway. 

[Figure  5] 


Conclusion 

The  results  presented  in  this  study  suggest  that  the  MWNT  nanocomposites  via  an  in-situ  A3 
+  B2  polymerization  is  a  viable  and  practical  approach  to  grafting  hyperbranched  ether-ketone 
polymers  onto  MWNT,  using  commercially  available  raw  materials.  The  self-regulating  facet 
that  relies  on  the  vast  difference  in  the  solubility  of  A3  and  B2  monomers  in  the  polymerization 
medium  is  undoubtedly  the  key  to  the  success  of  this  approach.  Another  important  advantage  of 
this  methodology  is  that  by  simply  varying  the  A3:B2  monomer  feed  ratio,  it  is  possible  to  alter 
the  polarity  of  the  resulting  nanocomposites,  changing  from  highly  ionizable  (theoretically  100% 
CO2H  endgroups  when  A3:B2  =1:1)  to  relatively  non-polar  (theoretically  100%  phenoxy 
endgroups  when  A3:B2  =1:2).  Due  to  the  globular  molecular  architecture  of  hyperbranched 
polymers,  the  morphology  of  the  nanocomposites  could  be  vividly  described  as  ^"mushrooms  on 
the  MWNT  stalks."  The  resultant  organo-soluble/dispersible  nanocomposites  could  be  used  as 
structural  additives  to  the  polymer  matrices.  In  addition,  we  have  found  that  the  lithiated 
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nanocomposites  from  lithium  ion-proton  exchange  did  form  stable  suspensions  in  water,  and  the 
studies  of  their  electroehemical  behaviors  such  as  ion  conductivity  and  energy  capacitance  are 
presently  in  progress. 
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(f)  Id  (100,000x);  (g)  le  (100,000x);  (h)  If  (100,000x).  Scale  bars  are  100  nm. 
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Figure  1,  FT-IR  spectra  of  (a)  as-received  MWNT;  (b)  la;  (c)  lb;  (d)  Ic;  (e)  Id;  (f)  le;  (g) 
If. 
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Figure  2,  DSC  thermograms  of  nanocomposites  with  heating  rate  of  10  ”C/min:  (a)  1®* 
heating  scan;  (h)  2“‘'  heating  scan. 
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Figure  3,  TGA  thermograms  of  MWNT-g-hyperbranched  nanocomposites  with  heating 
rate  of  20  ‘’C/min:  (a)  in  air;  (h)  in  nitrogen. 
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Figure  4,  SEM  images  of  (a)  as-received  MWNT  (100,000x);  (b)  hyperbranched  PEK 
bomopolymer  (x=l;  y=l,00,  l,000x);  (c)  la  (100,000x);  (d)  lb  (100,000x);  (e)  Ic  (100,000x); 
(f)  Id  (100,000x);  (g)  le  (100,000x);  (h)  If  (100,000x).  Scale  bars  are  100  nm. 
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Figure  5,  (a)  Digital  photograph  of  Ih  solution  in  IM  of  LiOH  aqueous  solution;  (h)  SEM 
image  of  lithiated  Ih  (50,000x);  (c)  SEM  image  of  lithiated  le  (50,000x);  (d)  SEM  image  of 
lithiated  If  (50,000x),  Scale  bars  are  200  nm. 
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Scheme  1.  Grafting  of  hyperbranched  PEK’s  onto  MWNT  from  A3  and  B2  monomers 
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Table  1,  Monomer  feed  ratio,  yield  and  elemental  analysis  data  for  MWNT-g- 
hyperbranched  PEK  nanocomposites 


Sample  Monomer  Feed  MWNT  Yield  Elemental  Analysis 

Ratio^  (wt%)  (%)  _ 


A3 

B2 

C  (%) 

H(%) 

la 

1.00 

0.67 

10 

48 

Caled 

71.81 

3.16 

(1.00) 

(0.47) 

Found 

73.61 

3.10 

lb 

1.00 

0.75 

10 

73 

Caled 

72.60 

3.22 

(1.00) 

(0.50) 

Found 

75.58 

3.12 

Ic 

1.00 

1.00 

10 

73 

Caled 

74.15 

3.40 

(1.00) 

(0.67) 

Found 

78.06 

3.37 

Id 

1.00 

1.33 

10 

76 

Caled 

75.71 

3.58 

(1.00) 

(0.89) 

Found 

78.69 

3.51 

le 

1.00 

1.50 

10 

73 

Caled 

76.52 

3.64 

(1.00) 

(1.00) 

Found 

79.14 

3.26 

If 

1.00 

2.00 

10 

85 

Caled 

78.11 

3.80 

(1.00) 

(1.33) 

Found 

79.80 

3.66 

a.  The  values  in  parentheses  are  the  feed  ratio  of  funetional  groups. 
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Table  2.  Thermal  properties  of  MWNT-g-hyperbranched  PEK  nanocomposites 


Sample 

DSC" 

TGA'’ 

Tg 

Texo 

^Hexo 

In  Air 

In  Nitrogen 

(°C) 

(°C) 

(J/g) 

Tdio“/ 

,  Char  at 

O 

H 

Char  at 

(°C) 

900  °C 

(°C) 

900  °C 

(%) 

(%) 

la 

282.3 

321.6 

20.6 

485 

0.54 

530 

63 

lb 

275.9 

318.4 

18.7 

483 

0.49 

501 

60 

Ic 

325.3 

327.5 

24.8 

498 

0.35 

552 

63 

Id 

292.6 

317.2 

23.7 

483 

0.18 

551 

61 

le 

290.1 

318.3 

23.5 

492 

1.08 

543 

59 

If 

344.7 

289.8 

6.1 

477 

0.04 

550 

64 

a.  Determined  by  DSC  with  heating  rate  of  10  °C/min. 

b.  The  temperature  at  whieh  10%  weight  loss  (Tdio%)  oceurred  on  TGA  thermogram  obtained 
with  heating  rate  of  10  °C/min. 
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